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The spin relaxation dynamics of Ce3+ ions in heavily cerium-doped YAG crystals is studied
using pulse-electron paramagnetic resonance and time-resolved pump-probe Faraday rotation. Both
techniques address the 4f ground state, while pump-probe Faraday rotation provides also access to
the excited 5d state. We measure a millisecond spin-lattice relaxation time T1, a microsecond spin
coherence time T2 and a ∼ 10 ns inhomogeneous spin dephasing time T
∗
2 for the Ce
3+ ground state
at low temperatures. The spin-lattice relaxation of Ce3+ ions is due to modified Raman processes
involving the optical phonon mode at ∼ 125 cm−1. The relaxation at higher temperature goes
through a first excited level of the 2F5/2 term at about ~ω ≈ 228 cm
−1. Effects provided by the
hyperfine interaction of the Ce3+ with the 27Al nuclei are observed.
doi:10.1103/PhysRevB.96.075160
INTRODUCTION
Cerium-doped yttrium-aluminum garnet (YAG:Ce)
materials have attracted attention due to their potential
application in high performance scintillators developed
earlier for lasers. Further, the triply-ionized cerium ion
in YAG is considered to be a suitable system for quantum
bit implementations [1–10].
Reyher et al.[4] identified the Ce3+ ion as origin of the
photo-refractive effect in YAG crystals by using a com-
bination of optically-detected magnetic resonance and
magnetic circular dichroism of the absorption. They
showed a correlation between the optical bands and the
4f ↔ 5d transitions of the Ce3+ states.
The effective g factors of the Ce3+ centers measured
by electron paramagnetic resonance (EPR) [3] provide an
accurate assessment of the 2F5/2 ground state that re-
sults from mixing of the three Kramers doublets by the
spin-orbit coupling and orthorhombic crystal field inter-
actions. In the present work we confirm that according
to an analysis of the temperature dependence of the EPR
linewidth, the first excited level of the 2F5/2 multiplet is
about 228 cm−1 above the ground level. The necessity
to consider the influence of defects on the relaxation pro-
cesses affecting these states was investigated by Aminov
et al. [11–13].
EPR is a technique suitable for investigating the spin
dynamics of the 4f ground state of Ce3+. The spin dy-
namics of the excited 5d state at room temperature was
investigated by detection of the optically-induced magne-
tization [14] and pump-probe Faraday rotation [15]. All
these measurements were performed on ensembles of Ce
ions. Recently, spin control and manipulation of a single
Ce3+ ion was demonstrated at room and low tempera-
tures using time-resolved fluorescence technique [1, 2].
In this paper we study YAG:Ce crystals heavily doped
at 0.1 at. % and 0.5 at. % of Ce3+. Our goal is to per-
form a comparative study of the electron spin dynamics
by two experimental techniques, pulse-EPR and pump-
probe Faraday rotation, in order to obtain comprehen-
sive information about the longitudinal and transverse
spin relaxation times and the different underlying spin
relaxation processes of the ground and excited states of
the Ce3+ centers. We demonstrate the possibility to co-
herently manipulate the coupled electron-nuclear states
of the Ce and Al ions in the YAG matrix. The coher-
ent spin dynamics of the excited 5d state is detected by
pump-probe Faraday rotation up to high temperatures of
about 200 K, while for the ground 4f state it diminishes
above ∼ 40 K.
EXPERIMENTAL DETAILS
Two commercial samples of YAG:Ce3+ crystals with
Ce3+ ion concentrations of 0.1 at. % and 0.5 at. % and
0.5 mm thickness are studied. The samples were fabri-
cated by the Hangzhou Shalom Electro-optics Technol-
ogy Co., Ltd.
The magnetic resonance studies are performed using
a X-band Bruker FT-EPR ELEXSYS 580 spectrometer,
operating at a microwave frequency of 9.7 GHz. The tem-
perature is varied in a helium cryostat from 2.5 to 300 K.
The Electron-Spin-Echo (ESE) detected EPR spectra are
taken from monitoring the intensity of the Hahn echo as
function of magnetic field. The spin-lattice relaxation
2rate of Ce3+ is measured by using the inversion recovery
pulse sequence (pi − t− pi/2 − τ − pi − τ−inverted echo)
[16]. The lower limit of the relaxation rate measurements
is approximately 100 ns.
In the pump-probe Faraday rotation measurements the
samples are placed in a helium cryostat with a split-coil
vector magnet, which allows us to apply an external mag-
netic field at an arbitrary angle relative to the sample
without the need for sample rotation. The sample tem-
perature is varied from 2 up to 200 K. We use a pulsed
Ti:Sapphire laser operating at 906 nm wavelength which
is frequency doubled with a BBO crystal to a wavelength
of 453 nm. The laser emits pulses with 2 ps duration at a
repetition rate of 76 MHz (repetition period TR = 13 ns).
The laser beam is split into a circularly polarized pump
beam, which generates the electron spin polarization, and
a linearly polarized probe beam whose Faraday rotation
is measured after transmission through the sample. To
probe the temporal evolution of the spin polarization,
the delay between the pump and probe pulses is varied
within a 6 ns interval using a mechanical delay line. Also
the resonant spin amplification technique [17–19] is used
for measuring spin dephasing times exceeding TR.
RESULTS
Magnetic resonance of YAG:Ce3+
The triply-ionized cerium ions in YAG occupy c-sites
with local symmetry D2. The details of YAG crystal
structure can be found in Refs. [20, 21]. The structure
of spin-orbital multiplets is schematically shown in Fig. 1.
The 2F(4f 1) multiplet is split into the 2F5/2 and
2F7/2
terms by the combined action of the spin-orbit coupling
and the crystal field. The ground state doublet is sepa-
rated by 228 cm−1 from the higher lying doublet of the
2F5/2 (Γ8) term [1]. In an external magnetic field its split-
ting is strongly anisotropic, see below the parameters for
Eq. (1). Light absorption populates the 5d excited state
(see arrow in Fig. 1), which has a roughly isotropic g-
factor tensor with g = 2.
The X-band (9.78 GHz) EPR spectra of the ground
doublet of 2F5/2 term can be described by using an or-
thorhombic spin Hamiltonian [3] (with effective spin S =
1/2):
H = µBgzBzSz + µBgxBxSx + µBgyBySy, (1)
where the gi are the g tensor components: gx = 2.738,
gy = 1.872, gz = 0.91. The z, x and y principal axes of
the g tensor are parallel to the [110], [001], and [11¯0] crys-
tal directions, respectively. The magnetic multiplicity of
the Ce3+ EPR spectra is KM = 6.
Figure 2a shows a continuous wave (CW) EPR spec-
trum of the Ce3+ centers (T = 5 K) in an applied mag-
netic field defined by the polar angles of θ = 0◦, φ =
D2 magnetic fieldS-O +  cubic
field
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FIG. 1. Combined action of the crystal field and the spin-orbit
interaction on the 4f and 5d levels of Ce3+.
24◦. Thus, the applied field B is oriented along the [001]
direction. dPabs/dB is the derivative of the microwave
absorption. The double line at 255 mT in the EPR spec-
trum is contributed by two magnetically-nonequivalent
centers. A quadruple line occurs at about 474.5 mT. In
Fig. 2(b) the ESE detected EPR spectrum is shown for
the same field orientation. Contrary to the CW-EPR
spectrum it shows only the high-field line. The low-field
resonance does not show up due to short phase relaxation
time T2.
Figure 3 presents the angle variation of the Ce3+ spec-
tra measured by the spin-echo method. The complex
pattern of EPR resonances is due to six magnetically
nonequivalent (and crystallographically equivalent) Ce3+
sites with D2 point symmetry in the YAG unit cell. For
comparison the colored lines show the calculated posi-
tions of resonances via angle θ. The resonance lines
disappear in the low magnetic field range due to fast
spin-spin relaxation. The different intensities of the lines
near the same magnetic field in the Ce3+ ESE-EPR spec-
tra reflect different occupations between crystallograph-
ically equivalent c-site positions. These occupation pref-
erences are especially visible when the applied magnetic
field is oriented close to the main directions of θ = 0◦
or 90◦. E.g. at θ = 10◦ four lines from different c-
cite positions are visible in the ESE-EPR spectrum at
B = 450 − 500 mT, but their intensities are not equal.
Such facet-related site selectivity was previously investi-
gated for the Neodym-ions in YAG: Nd3+ [22].
Our studies demonstrate some peculiarities in the spin-
lattice relaxation of the Ce3+ ions. Figure 4(a) shows
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FIG. 2. Comparison of continuous wave (CW) EPR spectrum
(a) with ESE-detected field-swept EPR spectrum (b) of the
Ce3+ centers in YAG:Ce (0.5 at. %). The magnetic field
orientation is about B‖[001].
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FIG. 3. Waterfall-plot of ESE-detected EPR spectra for the
cerium centers in YAG:Ce (0.5 at. %). The applied mag-
netic field is swept for different θ angles, φ = 24◦. The EPR
magnetic multiplicity is KM = 6. The spin-lattice relaxation
times T1 are indicated for the low- and high-field lines for
θ = 90◦. Solid lines show the calculated positions of the EPR
resonances after Eq. (1).
0 200 400 600 800
 
 
EP
R 
sig
na
l d
P a
bs
/d
B
Magnetic field (mT)
Bpp
T = 50 K
10 20 30 40 50 60 70 80
1
10
100
 
 
B p
p (
m
T)
Temperature (K)
B0 = 255 mT
(b)
(a)
FIG. 4. (a) CW-EPR spectrum of Ce3+ in YAG:Ce (0.5
at.%) for B‖[001] (θ = 0◦) and T = 50 K. (b) Tempera-
ture dependence of peak-to-peak line-width of the low-field
line (B0 = 255 mT). Solid line is fit to experimental data
by Eq. (2) with the the excited state that becomes thermally
populated at ∼ 228 cm−1.
that the CW-EPR resonance lines broaden with increas-
ing temperature up to 50 K due to rapid spin-lattice
relaxation above 25 K. The temperature dependence of
the peak-to-peak linewidth ∆Bpp for the Ce
3+ line at
B0 = 255 mT is shown in Fig. 4(b). The linewidth is
constant at ∆Bpp = 0.6 mT for T < 25 K, but increases
for higher temperatures reaching 60 mT at 70 K. The
experimental data can be fit by the equation:
∆Bpp = A+
C
exp(~ω/kBT )− 1
. (2)
where A = 0.6 mT, C = 7000 mT and ~ω ≈ 228 cm−1.
The second term here is provided by the relaxation in-
volving optical vibrations. The energy of ~ω is approx-
imately equal to the energy splitting to the next higher
lying Kramers doublet (the upper-lying 2F5/2 (Γ8) level
in Fig. 1). Note that there is also LO phonon mode in
YAG with energy of 227 cm−1 [23].
In addition, the spin-lattice relaxation for the Ce3+
ions in YAG is investigated in the low temperature range
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FIG. 5. (a) Three-pulse echo decay (black line) for YAG:Ce
(0.5 at.%), with B‖[001] (θ = 0◦), B0 = 474.4 mT and
T = 12 K. Red line is a bi-exponential fit to the experimen-
tal data. (b) Temperature dependence of the spin-lattice re-
laxation rates 1/T1 corresponding to the two components in
the magnetization kinetics. For comparison, the experimen-
tal data for YAG:Ce (0.5 at.%) are shown by solid circles and
for YAG:Ce (0.1 at.%) by open squares. Slow and fast com-
ponents of the dynamics are given by black and red colors,
respectively. Green triangles show data measured by pump-
probe Faraday rotation for YAG:Ce (0.5 at.%). Solid lines are
fits with Eq. (3). Dashed lines show the contributions to the
relaxation due to the two-phonon Raman and optical phonon
modified processes.
using the inversion recovery pulse sequence (pi−t−pi/2−
τ − pi − τ−inverted echo) [16]. Figure 5(a) shows the
inversion recovery curve measured at T = 12 K and B0 =
474.4 mT. The magnetization kinetics is fitted using a bi-
exponential function with characteristic relaxation times
of T1,i=36 µs and 133 µs.
The temperature dependence of the relaxation rates
for heavily doped YAG:Ce (0.5 and 0.1 at. %) samples
are mainly determined by a two-phonon Raman (∼ T 9)
process modified by the presence of a longitudinal optical
(LO) phonon mode (solid lines in Fig. 5(b)):
1
T1,i
= AiT
9 +Bi exp(−
∆E
kBT
), (3)
where Ai and Bi are constants, the index i = 1, 2
accounts for the fast and slow components in the bi-
exponential recovery curve, and ∆E is the LO phonon
energy. We obtain an acceptable fit with A1 = 2.4 ·
10−7 s−1K−9, B1 = 1.4·10
10 s−1, A2 = 2.4·10
−6 s−1K−9,
B2 = 8 · 10
10 s−1 and ∆E = 125 cm−1. Raman stud-
ies in YAG have revealed LO phonons with an energy
of approximately 125 cm−1 [23]. Thus, we see that the
spin-lattice relaxation of Ce3+ ions in YAG:Ce (0.5 and
0.1 at. %) is occurring through a two-phonon Raman
process modified by interactions with optical vibrations.
Figure 3 illustrates that the relaxation times become
smaller in the low field region: T 1 = 1.06 ms for the low
field line and T 1 = 1.27 ms for high field line (θ = 90
◦,
T = 10 K). The measured slight orientational depen-
dence of the relaxation rate at the X-band microwave
frequency is, supposedly, due to the low crystal field sym-
metry of the Ce3+ ions in a YAG lattice.
The experiments show an anomalous character of the
phase relaxationT 2 of Ce
3+ in YAG. Figure 6(a) presents
the two-pulse Hahn echo decay for Ce in YAG:Ce (0.5 at.
%) with phase memory time T2 = 4.5 µs at T = 5 K. The
high field resonance line was measured in the orientation
of applied magnetic field θ = 90◦. Note that in the θ = 0◦
orienatation the ESE nuclear modulation makes it more
complicated to determine the phase relaxation time.
Figure 6(b) illustrates changes of the phase memory
time T2 with increasing temperature. Around 7 K the
relaxation time displays a local minimum and then a
steep decrease for T > 12 K. Generally, the tempera-
ture dependence of the T2 time does not follow that for
T1. The more rapid ESE decay can be explained by cross-
relaxation processes involving spin-spin flips of resonant
Ce3+ ions. Considering the influence of the surrounding
aluminum nuclei, the decay of the ESE signal involves
flip-flop mechanism with the 27Al nuclear spins [24].
The modulation of the Hahn echo signal in Fig. 6(a)
results from the coherent precession of the coupled
electron-nuclear spins, which evidences the interaction
between the unpaired electron of Ce3+ and the surround-
ing 27Al nuclei. The aluminum nuclei which possess
a nonzero electric quadrupole moment were extensively
used to probe the local charge distribution in YAG crys-
tals [7, 25–27]. The effective Hamiltonian for analyzing
the interaction with the 27Al nuclei (I = 5/2) can be
written in the form:
Heff =
∑
i
(S ·Ai · Ii + Ii ·Qi · Ii − gNµNB · Ii) (4)
where S is the electron spin operator, Qi is a traceless
matrix, Ai the hyperfine interaction tensor, Ii nuclear
spin operator of interaction with i-th aluminum nucleus,
µN the nuclear magneton, gN the nuclear g factor of
27Al and the applied magnetic field orientation is θ =
90◦. Summation on i is for three magnetically nonequiv-
alent positions of Al. In the case of axial symmetry the
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FIG. 6. (a) Two-pulse decay plot for Ce in YAG:Ce (0.5 at.
%) at T = 5 K. The experimental Hahn echo decay is shown
vs the delay time 2τ . Red line is fit with the phase relaxation
time T2 = 4.5 µs. The inset shows the fast Fourier transform
of the ESE nuclear modulation. (b) Phase relaxation time T2
as function of temperature. The measurements are done for
the high-field transition at B0 = 651.6 mT, the magnetic field
orientation θ = 90◦, φ = 24◦.
quadrupole coupling P = 3/2Qzz. The quadrupole in-
teraction parameter can be written as P =3e2qQ/[4I (2I
- 1)], where q is the gradient of the electrical field, and
Q is the nuclear quadrupole moment. The Fourier trans-
form of the ESE modulated spectrum shows the nuclear
Larmor frequency νAl = 7.235 MHz (resonance line of
B0 = 651.6 mT) and a set of five nuclear quadrupole
split lines (I = 5/2). The quadrupole split spectrum re-
flects the axial symmetry of the electric field gradient
about the [001]-type directions and corresponds to the
interaction with aluminum ions in d -sites. For the tetra-
hedral d-site of aluminum the quadrupole splitting value
is P/h = 0.35 MHz in the principal z, x, y axes paral-
lel to the [001], [100] and [010] directions, respectively.
It is equal to the energy separation between adjacent
lines in the quadrupole multiplet (i.e. five nuclear res-
onance lines, I = 5/2). The quadrupole coupling con-
stant for tetrahedral d-sites in YAG:Ce (0.5 at. %) is
e2qQ/h = 4.67 MHz.
We investigate the Rabi oscillations taken on the Ce3+
resonance using the inverted spin-echo signal at the ap-
plied field B‖[001]. In order to describe the echo dy-
namics it is convenient to consider the spins whose Rabi
frequencies are distributed around the 27Al nuclear Lar-
mor frequency. The nutation experiments are performed
with a pump pulse followed by a pi/2 − pi sequence af-
ter a delay time τ ∼ T2. Figure 7(a) shows the Rabi
oscillation of Ce3+ measured by varying the length of
microwave pump pulse. The damping time of the Rabi
oscillations, τR, can be approximately evaluated by using
the equation [16, 28]:
〈Sz〉(t) = Sz |t=0 exp(−t/τR) cos(ΩRt), (5)
where ΩR is the Rabi frequency. Fit shown by red line in
Fig. 7(a) allows us to determine ΩR/2pi = 10.8 MHz and
τR = 150 ns. Performing such measurements and fits for
different microwave powers we receive the dependence of
the decay rate of Rabi oscillations on the Rabi frequency
(Fig. 7(b)). One can see that the damping rate increases
near the frequency range of the aluminum Larmor pre-
cession. The electron-nuclear cross-relaxation transitions
in the rotating reference frame become more efficient at
the 27Al nuclear Larmor frequency of νAl = 5.266 MHz
for B0 = 474.3 mT. Fig. 7(b) demonstrates that the de-
coherence of the Rabi oscillations is accompanied by en-
ergy dissipation into the aluminum nuclei spin bath. The
damping time of the oscillations τR is much shorter in
comparison to the phase relaxation time T2 = 1.35 µs at
T = 7 K in B0 = 474.3 mT and θ = 0
◦.
Pump-probe Faraday rotation spectroscopy
In this section we discuss the Ce3+ electron spin dy-
namics investigated by pump-probe Faraday rotation.
The time-resolved pump-probe Faraday rotation is an es-
tablished technique, which is widely used for investiga-
tion of coherent spin dynamics in solids, see e.g. Ref. [29].
In this technique electron spin polarization is induced
by circularly-polarized pump pulses and the polarization
dynamics is detected via the Faraday rotation (FR) of
linearly-polarized probe pulses, which are delayed in time
relative to the pump pulses. The time resolution of this
technique is limited to the laser pulse duration, which is
2 ps in our experiment. I.e., it is a few orders of magni-
tude better than in EPR which is limited to 100 ns.
The laser wavelength of the pump and probe beams
was set to 453 nm, near the absorption maximum of
the phonon-assisted transition between the lowest energy
sublevels of the 4f and 5d multiplets. The σ+ circularly
polarized pump excites the electron from the 4f (spin-
down) state to the 5d (spin-up) state. Due to spin re-
laxation of the 5d electrons, their relaxation back to the
4f states does not compensate the pump-induced spin
60 100 200 300 400 500 600
-1
0
1
2
R/2 MHz
 
 
<S
z>
 (a
rb
. u
ni
ts)
Pump pulse length (ns)
T = 7 K, 
B0 = 474.3 mT
4
5
6
7
8
9
10
4 6 8 10 12 14 16
B0 = 474.3 mT
 
 
R/2 (MHz)
1/
R
 (
s-1
)
Al
(b)
(a)
FIG. 7. (a) Rabi oscillations: dependence of the inverted
echo signal on the pump pulse length (black line). Red
line is fit to experimental data using Eq. (5) which gives
τR = 150 ns. (b) Experimental data of decay rate of Rabi
oscillations vs Rabi frequency. Damping rate of Rabi oscil-
lations increases in vicinity of aluminum nuclear Larmor fre-
quency of νAl = 5.266 MHz shown by dashed line. (a),(b)
Magnetic field B‖[001] (θ = 0◦), B0 = 474.4 mT.
polarization of the 4f states. In this way, an ensemble
of the Ce3+ ions acquires a predominant spin orienta-
tion (spin-up) of the ground 4f state [1, 2]. Therefore,
in pump-probe experiments we get access to the electron
spin dynamics of the 4f state (which is usually investi-
gated by EPR), but also to that of the 5d state within
its lifetime of about 65 ns [30]. Note that due to the fast
phonon-assisted relaxation within 4f and 5d multiplets
we only consider their lower sublevels.
Spin precession in transversal magnetic field
Figure 8(a) shows the dynamics of the Faraday rota-
tion signal of YAG:Ce (0.1 at. %) in magnetic fields
BV up to 2 T applied in the Voigt geometry, i.e., per-
pendicular to the light wave vector. The oscillating FR
signal is composed of five Larmor precession frequencies,
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FIG. 8. (a) Dynamics of the Faraday rotation signal at differ-
ent magnetic field strengths in Voigt geometry for the YAG:Ce
(0.1 at. %) sample at T = 6 K. (b) Fast Fourier transform
(FFT) spectrum taken at BV = 1 T for positive time de-
lays. (c) Magnetic field dependences of the Larmor frequen-
cies. Lines are linear fits to the data.
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orientation corresponding to the results presented in Figs. 8
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figures. The data are shown by symbols for the YAG:Ce (0.5
at. %) sample at T = 2 K.
as evidenced by the fast Fourier transformation (FFT)
spectrum in Fig. 8(b). Figure 8(c) shows the linear in-
crease of each Larmor frequency with magnetic field.
The five effective g factors evaluated from the relation
~ω = |g|µBBV fall in the range from 0.9 to 2.3. As we
will show below they can be assigned to the ground 4f
(|g1| ≈ 0.9, |g2| ≈ 1.9, |g4| ≈ 2.1, |g5| ≈ 2.3) and the
excited 5d (|g3| ≈ 2.0) states. For each of this states, in
general, one would expect six different frequencies cor-
responding to the different magnetically nonequivalent
positions of Ce3+ centers in YAG lattice, which charac-
terized by the different orientations of the g tensor.
Because of the low (rhombic) symmetry of the c-sites
occupied by of Ce3+ ions the Larmor frequencies show
large variation for the rotation of the magnetic field vec-
tor B. Figure 9(a) shows the g-factor variations when
the field is rotated in the sample plane, corresponding
to the variation of the angle θ between [001] and [100]
axes at φ = 0o. Figure 9(b) shows the anisotropy, when
the field is rotated out of the sample plane between the
directions of [010] axis (sample normal) and θ = −25o,
φ = 0o (sample plane). The curves are fitted with the
same g-tensor parameters as the positions of the EPR
resonances (Fig. 3). The only exception is the precession
mode with an almost isotropic g factor |g| = 2.0 (the blue
line in Fig. 9), which we assign to the excited 5d state.
The assignment of this mode is confirmed by the FFT
spectra of the FR signals measured at different temper-
atures up to 200 K (Fig. 10). All modes, except the one
with |g| = 2.0 vanishes for T > 45 K, which allows us
to assign them to the 4f state with a strong spin-orbit
coupling that provides a shortening of the spin dephas-
ing times at elevated temperatures. But the mode with
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FIG. 10. Temperature dependence of Fast Fourier transform
(FFT) spectra from Faraday rotation signals taken at different
temperatures for BV = 0.5 T in Voigt geometry. The data
are shown for YAG:Ce (0.1 at.%).
|g| = 2.0 is well resolvable up to T = 200 K due to the
comparatively much weaker spin orbit interaction of the
5d excited state. Recently, even its observation at room
temperature was reported [15].
In Fig. 8(a), at negative time delays one sees oscilla-
tions originating from the preceding pump pulses. This
shows that the decay time T ∗2 of the electron spin ensem-
ble is comparable to or even exceeding the pulse repeti-
tion period TR = 13 ns. To determine the T
∗
2 at B ≈ 0 we
perform resonant spin amplification (RSA) experiments
[17] by scanning the magnetic field applied in Voigt ge-
ometry and monitoring the Faraday rotation signal at a
small negative delay ∆t ≈ −30 ps (Fig. 11). The RSA
curve shows peaks corresponding to integer numbers of
spin oscillations between subsequent laser pulses. The
widths of the peaks allow one to determine the T ∗2 of the
precession modes through fitting the RSA curve to the
following spin polarization equation:[18, 19]
S(BV) =
5∑
i=1
Si
2
×
cos(giµBBVTR)− e
−TR/T
∗
2,i
cosh(TR/T ∗2,i)− cos(giµBBVTR)
,
(6)
where we take into account |∆t| ≪ T ∗2 , TR. This equa-
tion involves the sum of the five components. Each of
them describes the RSA curve for a single oscillation
mode with amplitude Si (spin polarization created by
one pump pulse), g factor gi and decay time T
∗
2,i. The
g factors determined from the fit are in agreement with
those evaluated in Fig. 8(c). The obtained T ∗2 values are
in the range from 9 to 46 ns and are listed in Fig. 11.
The variation of T ∗2 for the ground state precession fre-
quencies originates from the low crystal field symmetry
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FIG. 11. Resonant spin amplification (RSA) signal (black
line) measured for YAG:Ce (0.1 at. %) at T = 6 K. Dotted
red line is a fit with Eq. (6), which enables us to determine
the g factors and spin dephasing times T ∗2 . The separate
contributions associated with the different Larmor frequencies
are shown above the experimental curve.
position of the cerium ions in the YAG lattice.
Longitudinal spin relaxation
In order to study the longitudinal spin relaxation char-
acterized by the T1 time, we measure the polarization re-
covery curves for different modulation frequencies f by
switching the circular polarization of the pump between
σ+ and σ− [31]. The magnetic field, BF, was applied in
the Faraday geometry parallel to the light wave vector.
The magnetic field dependence of the Faraday rotation
signal was measured at a small negative delay between
the pump and probe pulses [Fig. 12(a)]. At zero exter-
nal field the generated spin polarization precesses about
randomly oriented local magnetic fields, e.g., provided
by the nuclear spins, which reduces the spin polariza-
tion component parallel to the pump wave vector that
we detect via the Faraday rotation. In magnetic fields
BF exceeding the local fields the spin polarization is sta-
bilized along the external field direction, which increases
the FR amplitude. This characteristic behavior can be
seen in Fig. 12(a), where the FR amplitude strongly in-
creases and becomes saturated for BF > 1 mT. The half
width at half maximum (HWHM) of the signal increase,
∆B ≈ 0.6 mT, characterizes the strength of the local
magnetic fields. Note that similar local field values of
0.4 − 0.6 mT were observed in optically detected mag-
netic resonance experiments in Ref. 2 (after recalcula-
tion from the width of ODMR spectrum resonance) and
attributed to the exchange fields of the nuclei spins of
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FIG. 12. (Color online)(a) Polarization recovery curves for
various pump modulation frequencies. (b) Frequency depen-
dence of the Faraday rotation signal at BF = 5 mT. The
spikes in the signal are caused by the hardware. Dotted line
is fit with Eq. (7). Inset shows magnetic field dependence
of T1. (c) Pump power dependence of spin-lattice relaxation
rate 1/T1 for YAG samples with different Ce
3+ concentra-
tions. Data in panels (a) and (b) are shown for YAG:Ce (0.5
at. %), P = 30 mW. In (a)-(c) T = 2 K.
neighboring Al ions. Indeed, as we have shown in the
previous section, the electron spin dynamics of the 4f
state is strongly influenced by the interaction with 27Al
nuclei (Fig. 6).
According to the model of Ref. [32], for an isotropic
electron g factor the decrease of the electron polarization
at B = 0 due to the frozen nuclear field should go down
to 1/3 of the value at higher BF. The fact that in our
9case the signal drops almost to zero might indicate that
either the nuclear magnetic field is oriented always in
the sample plane, which is unlikely, or that the nuclear
spins are not frozen on the timescale of the longitudinal
electron spin relaxation time T1, which can take place if
the electron spin interacts with only one or a few nuclear
spins.
Let us consider that only a small fraction of Ce3+ cen-
ters is subject to spin orientation, i.e. we operate in the
linear regime of the impact of the laser excitation den-
sity. In case of T1 > TR and fixed circular polarization of
the pump, spin polarization will accumulate under pulsed
periodic excitation [33, 34]. In this case the Faraday ro-
tation signal is proportional to S0T1/TR, where S0 is the
amplitude of the signal created by one laser pulse. Note,
that S0 is close to the amplitude of the spin precession,
when B is applied in the Voigt geometry [Fig. 8(a)].
In our experiment we modulate the pump circular po-
larization at frequency f . In case 1/f < T1, the signal is
no longer determined by T1/TR, but by the modulation
frequency. Indeed, the periodic switching of the pump
polarization from σ+ to σ− prevents the accumulation
of electron spin polarization. As a result, the Faraday
rotation signal decreases with increasing f [Fig. 12(b)].
This allows us to evaluate the T1 time by the spin inertia
method [31]. The following dependence of the Faraday
rotation amplitude on f is expected:
S(f) =
S0T1/TR√
1 + (2pifT1)2
. (7)
Using this relation for fitting the data in Fig. 12(b) we
evaluate T1 = 0.09 ms at BF = 5 mT. One can see in
the inset of Fig. 12(b) that T1 time evaluated by the spin
inertia method is slowly increasing with BF in the range
of low magnetic fields.
The T1 extracted from the fit depends on the pump
power P , presumably due to the saturation effect and
sample overheating. At low P the dependence of 1/T1
on P is almost linear [Fig. 12(c)], allowing one to extrap-
olate the dependence to P = 0, where T1 = 0.28 ms for
YAG:Ce (0.1 at. %) and T1 = 0.21 ms for 0.5 at. %. In
Ref. [2] T1 ≈ 4.5 ms was measured for single Ce
3+ ions
at T = 3.5 K and B = 49 mT. Keeping in mind that
the 5d state lifetime is only 65 ns, we conclude that the
measured sub-millisecond T1 times correspond to the 4f
ground state.
The Faraday rotation signal at |B| & 1 mT de-
creases with increasing temperature in a threshold-like
way (see the squares in Fig. 13). At low tempera-
tures the ratio T1 ≫ 1/f is fulfilled for f = 84 kHz
and Eq. (7) reduces to S(T = 0) ≈ S0/(2pifTR). Us-
ing this relation with Eq. (7) we obtain 1/T1(T ) =
2pif
√
S2(T = 0)/S2(T )− 1, which can be used for eval-
uation of T1 at T > 10 K. The temperature dependence
of 1/T1 derived in this way (the triangles in Fig. 13) is
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FIG. 13. Temperature dependence of Faraday rotation signal
at BF ≈ 3 mT. Left axis gives Faraday rotation signal shown
by squares, and right axis gives spin-lattice relaxation rate
1/T1 shown by triangles. Data are given for YAG:Ce (0.5 at.
%) at f = 84 kHz modulation frequency. Dashed line is guide
for the eye. Solid line is fit to the data using Eq. (3).
fitted with Eq. (3), where we set A = 2.4 · 10−6 s−1K−9.
B ≈ 9 × 1010 s−1 and ∆E ≈ 15 meV (120 cm−1) are
derived from this fit. These parameters are in good
agreement with those determined from the dependence of
1/T1 on temperature in the previous section [Fig. 5(b)],
confirming the dominant phonon relaxation mechanism
in the studied temperature range. Some discrepancy
between the T1 values obtained by the two methods
[Fig. 5(b)] increasing at lower temperatures, is related
to the fact that the pump-probe experiments were done
at pump power P ≈ 20 mW where T1 is underestimated
∼ 2 times [Fig. 12(c)]. This effectively corresponds to the
somewhat larger lattice temperature (by 1 − 2 K). The
other possible source of the discrepancy is magnetic field
dependence of T1.
CONCLUSIONS
The electron spin dynamics of Ce3+ ions in a YAG
crystal has been studied by pulse-EPR and pump-probe
Faraday rotation. The spin relaxation times measured
by both techniques are in reasonable agreement with each
other. We have shown show that the techniques are com-
plementary: both of them provide information on the
4f ground states, while the pump-probe Faraday rota-
tion give also access to the short living 5d excited states.
The measured times for the Ce3+ ground state at low
temperatures, are milliseconds for the spin-lattice relax-
ation time T1, microseconds for the spin coherence time
T2, and ∼ 10 ns for the inhomogeneous spin dephasing
time T ∗2 . The underlying relaxation mechanisms have
been discussed. It was shown that at low temperature
range the spin-lattice relaxation is governed by the op-
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tical phonon mode (∼ 125 cm−1) modified Raman pro-
cesses, while at higher temperatures the spin relaxation
dominates by two-stage process through the higher ly-
ing Kramers doublet separated by ~ω ≈ 228 cm−1. Nu-
tation experiments revealed the strong damping of the
Rabi oscillations decay when Rabi frequency is nearby
to the 27Al nuclear Larmor frequency. Finally, we have
also found effects provided by the hyperfine interaction
of the Ce3+ with 27Al nuclei. The nuclear quadrupole
coupling constant for tetrahedral aluminum d-sites in
YAG:Ce (0.5 at. %) lattice obtained in the current study
is e2qQ/h = 4.67 MHz.
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